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The standard model coherent elastic neutrino-nucleus scattering (CEνNS) cross section is subject to nuclear
form factor uncertainties, mainly driven by the root-mean-square radius of the neutron density distribution.
Motivated by COHERENT phases I-III and future multi-ton direct detection dark matter searches, we evaluate
these uncertainties in cesium iodide, germanium, xenon and argon detectors. We find that the uncertainties
become relevant for momentum transfers q& 20 MeV and are essentially independent of the form factor param-
eterization. Consequently, form factor uncertainties are not important for CEνNS induced by reactor or solar
neutrinos. Taking into account these uncertainties, we then evaluate their impact on measurements of CEνNS
at COHERENT, the diffuse supernova background (DSNB) neutrinos and sub-GeV atmospheric neutrinos. We
also calculate the relative uncertainties in the number of COHERENT events for different nuclei as a function
of recoil energy. For DSNB and atmospheric neutrinos, event rates at a liquid argon detector can be uncertain to
more than 5%. Finally, we consider the impact of form factor uncertainties on searches for nonstandard neutrino
interactions, sterile neutrinos and neutrino generalized interactions. We point out that studies of new physics
using CEνNS data are affected by neutron form factor uncertainties, which if not properly taken into account
may lead to the misidentification of new physics signals. The uncertainties quantified here are also relevant for
dark matter direct detection searches.
I. INTRODUCTION
Coherent elastic neutrino-nucleus scattering (CEνNS) was
observed by the COHERENT experiment in 2017 in a ce-
sium iodide scintillation detector. The measurement used
neutrinos produced at the spallation neutron source at the
Oak Ridge National Laboratory [1]. The cross section, ob-
tained by the coherent sum of the individual nucleon ampli-
tudes, is the largest of all neutrino cross sections at energies
Eν. 100 MeV, exceeding the elastic neutrino-electron scatter-
ing cross section by about two orders of magnitude in typical
nuclei. The observation, however, relies on the detection of
very small recoil energies, which only recently became possi-
ble with the use of the technology employed in direct detec-
tion dark matter (DM) searches.
CEνNS data allow precise measurements of the weak mix-
ing angle [2], detailed studies of nuclear structure through
weak neutral current interactions [3] and opens the possibil-
ity of searching for new physics beyond the standard model
(SM) [4, 5]. Indeed, since its observation various studies of
nonstandard neutrino interactions (NSI) [6–9], sterile neutri-
nos [9], neutrino generalized interactions (NGI) [10] and neu-
trino electromagnetic properties [8, 11] have been presented.
A proper interpretation of a CEνNS signal, as related to any of
these new physics scenarios, requires a detailed understanding
not only of experimental systematics errors but also of theo-
retical uncertainties.
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The calculation of event rates in CEνNS experiments in-
volves proton and neutron nuclear form factors, which ac-
count for the proton and neutron distributions within the nu-
cleus. In most treatments, however, the form factors are as-
sumed to be equal and so the nuclear form factor becomes
a global factor, which is typically parameterized in terms
of the Helm [12] form factor, the Fourier transform of the
symmeterized Fermi distribution [13], or the Klein-Nystrand
form factor [14] as adopted by the COHERENT collabora-
tion [1]. These form factors depend on various parameters
whose values are fixed via experimental data and so involve
experimental uncertainties. Of particular relevance is the root-
mean-square (rms) radius of the nucleon distribution, which in
such analyses is fixed by, for example, the value derived us-
ing a particular nuclear physics model or through a value de-
rived from fits to nuclear data [15]. This simplification intro-
duces an uncertainty on the predicted CEνNS recoil spectrum
(and number of events) in the SM as well as in beyond-the-
standard-model (BSM) physics scenarios.
The root-mean-square (rms) radius of the proton distribu-
tion rprms is known from elastic electron-nucleus scattering
with a precision of order one-per-mille for nuclear isotopes
up to Z = 96 [16]. This is in sharp contrast with the rms ra-
dius of the neutron distribution rnrms, which for almost all nu-
clear isotopes is poorly known. Theoretical uncertainties on
the CEνNS process are therefore driven by the uncertainties
in rnrms. For the COHERENT experiment, the quenching fac-
tor and neutrino flux uncertainties are of order 27% [1, 17].
Thus, form factor uncertainties are not particularly relevant
in the interpretation of current data. This situation, however,
is expected to change in the near future, and so form factor
uncertainties will play an important role.
Identifying the size of these uncertainties is crucial for two
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2reasons: (i) To understand whether a given signal is the re-
sult of new physics or of an “unexpected” nuclear physics
effect, (ii) DM direct detection in hundred-ton scale detec-
tors like Argo [18], will be subject to irreducible neutrino
backgrounds from the diffuse supernova background (DSNB)
and sub-GeV atmospheric neutrino fluxes. A precise under-
standing of this background is crucial to discriminate between
neutrino-induced and WIMP-induced signals.
With this in mind, in this paper we investigate the size and
behavior of the neutron nuclear form factor uncertainties and
their impact on the interpretation of data. To that end we con-
sider four well-motivated nuclei: cesium iodide, germanium,
xenon and argon. The first three are (or will be) used by CO-
HERENT in one of its three phases [19], while argon will be
used by the Argo detector of the Global Argon Dark Matter
Collaboration which will take 1000 ton-year of data [18]. For
definitiveness we consider three nuclear form factor parame-
terizations: The Helm form factor [12], the Fourier transform
of the symmeterized Fermi distribution [13] and the Klein-
Nystrand form factor [14]. And we assume the same param-
eterization for both protons and neutrons. We first study the
size and momentum transfer (q) dependence of the neutron
form factor uncertainties using these three parameterizations.
After precisely quantifying them, we study their impact in
COHERENT and in an argon-based multi-ton DM detector.
We assess as well the impact of the uncertainties on the inter-
pretation of new physics effects. We do this in the case of NSI,
active-sterile neutrino oscillations in the 3+1 framework and
spin-independent NGI. We evaluate the effects of the neutron
form factor uncertainties on the available parameter space and
the potential misidentification of new physics signals when
these uncertainties are not properly accounted for.
The paper is organized as follows. In Section II we intro-
duce our notation and briefly discuss the CEνNS process, fo-
cusing on form factor parameterizations and the correspond-
ing rms radii of the nucleon density distributions. In Sec-
tion III we quantify the size of the neutron form factor uncer-
tainties, study their q dependence and show that they are fairly
independent of the choice of the nuclear form factor. In Sec-
tions IV and V we study the implications for SM predictions
and for new physics searches, respectively. In Section VI we
present our conclusions. In Appendix A we present the de-
tails of the calculation of the DSNB neutrino flux, while in
Appendix B we provide details of the NGI analysis.
II. COHERENT ELASTIC NEUTRINO-NUCLEUS
SCATTERING
For neutrino energies below ∼ 100 MeV the de Broglie
wavelength of the neutrino-nucleus process is larger than the
typical nuclear radius and so the individual nucleon ampli-
tudes add coherently. In the SM this translates into a cross
section that is approximately enhanced by the number of con-
stituent neutrons N [20, 21]:
dσ
dEr
=
G2F mN
2pi
(
2− ErmN
E2ν
)[
NgnV FN(q
2)+ZgpV FZ(q
2)
]2
,
(1)
where Er = q2/2mN is the nuclear recoil energy. This re-
sult follows from the vector neutral current. The axial cur-
rent contribution, being spin dependent, is much smaller. The
neutron and proton charges are given by gnV = −1/2 and
gpV = 1/2− 2sin2 θW , with θW the weak mixing angle. In
the Born approximation, the nuclear form factors FN,Z(q2)
follow from the Fourier transform of the neutron and proton
density distributions. They capture the behavior one expects:
the cross section should fall with increasing neutrino energy
(increasing q). Theoretical predictions based on Eq. (1) in-
volve uncertainties from electroweak parameters and nuclear
form factors. These uncertainties should be accounted for and
are particularly important in searches for new physics effects,
which arguably are not expected to significantly exceed the
SM expectation. Since the uncertainty in GF is a few tenths
of a part per million [22], electroweak uncertainties are dom-
inated by the weak mixing angle for which (using the MS
renormalization scheme at the Z boson mass scale) the PDG
gives [23]
sin2 θW = 0.23122±0.00003 . (2)
Electroweak uncertainties are therefore of no relevance. On
the contrary, since nuclear form factors encode information on
the proton and neutron distributions one expects these uncer-
tainties to be sizable and more pronounced for large q, given
the behavior F(q2→ 0)→ 1. These uncertainties turn out to
be crucial for the interpretation of data from fixed target ex-
periments such as COHERENT [1, 17] and for DM direct de-
tection experiments subject to diffuse supernova background
(DSNB) and sub-GeV atmospheric neutrinos [24].
A. Nuclear form factors
Form factors are introduced to account for the density dis-
tributions of nucleons inside the nucleus. They follow from
the Fourier transform of the nucleon distributions,
F(q2) =
∫
ei~q·~r ρ(r)d3~r . (3)
The basic properties of nucleonic distributions are captured by
different parameterizations. Here we consider those provided
by the Helm model [12], the symmeterized Fermi distribution
[13] and the Klein-Nystrand approach [14]. These distribu-
tions depend on two parameters which measure different nu-
clear properties and which are constrained by means of the
rms radius of the distribution,
r2rms ≡ 〈r2〉=
∫
ρ(r)r2 d3~r∫
ρ(r)d3~r
. (4)
In what follows we briefly discuss these parameterizations and
the relations between their defining parameters and the rms
radius of the distributions. These relations are key to our anal-
ysis for they determine, through the experimental uncertain-
ties in rrms, the extent up to which these parameters can vary,
thereby defining the form factor uncertainties.
3In the Helm model the nucleonic distribution is given by
a convolution of a uniform density with radius R0 (box or
diffraction radius) and a Gaussian profile. The latter is charac-
terized by the folding width s, which accounts for the surface
thickness. Thus, the Helm distribution reads
ρH(r) =
3
4piR30
∫
fG(r− r′)θ(R0−|r′|)d3~r′ , (5)
with θ(x) a Heaviside step function and fG(x) a Gaussian dis-
tribution given by
fG(x) =
e−x2/2s2√
(2pi)3s3
. (6)
The Helm form factor is then derived from Eqs. (3) and (5):
FH(q2) = 3
j1(qR0)
qR0
e−q
2s2/2 , (7)
where j1(x) = sin(x)/x2−cos(x)/x is a spherical Bessel func-
tion of order one. The rms radius is obtained from Eqs. (4) and
(5) and is given by
〈r2〉H = 35R
2
0+3s
2 . (8)
The symmeterized Fermi density distribution ρSF(r) fol-
lows from the symmeterized Fermi function fSF(r) = fF(r)+
fF(−r) − 1, which in turn follows from the conventional
Fermi, or Woods-Saxon function,
fF(r) =
1
1+ e(r−c)/a
, (9)
where c is the half-density radius and a represents the surface
diffuseness. Accordingly, ρSF(r) can be written as
ρSF(r) =
3
4pic(c2+pi2a2)
sinh(c/a)
cosh(r/a)+ cosh(c/a)
. (10)
In contrast to the Fermi density distribution it has the advan-
tage that its Fourier transform can be analytically evaluated
with the result,
FSF(q2) =
3
qc
[
sin(qc)
(qc)2
(
piqa
tanh(piqa)
)
− cos(qc)
qc
]
×
(
piqa
sinh(piqa)
)
1
1+(pia/c)2
. (11)
Then,
〈r2〉SF = 35c
2+
7
5
(pia)2 . (12)
The Klein-Nystrand approach relies on a surface-diffuse
distribution which results from folding a short-range Yukawa
potential with range ak, over a hard sphere distribution with
radius RA. The Yukawa potential and the hard sphere distribu-
tion can be written as
VY(r) =
e−r/ak
4pia2kr
, ρHS(r) =
3
4piR3A
θ(RA− r) . (13)
The Klein-Nystrand form factor can then be calculated as the
product of two individual Fourier transformations, one of the
potential and another of the hard sphere distribution, resulting
in
FKN(q2) = FY(q2)FHS(q2) = 3
j1(qRA)
qRA
1
1+q2a2k
. (14)
The rms radius is given by
〈r2〉KN = 35R
2
A+6a
2
k . (15)
III. FORM FACTOR UNCERTAINTIES
The rms radii of the proton density distributions are deter-
mined from different experimental sources. The values re-
ported in [16] include data from optical and Kα X-ray isotope
shifts as well as muonic spectra and electronic scattering ex-
periments. This wealth of data has allowed the determination
of
√
〈r2p〉 ≡ rprms with high accuracy for all isotopes of interest
for CEνNS and DM direct detection experiments. The rms
radii for the proton distribution are as in Table I. In contrast,
rms radii of the neutron density distributions
√
〈r2n〉 ≡ rnrms
are poorly known, mainly because barring the cases of 208Pb,
133Cs and 127I [25–28], their experimental values follow from
hadronic experiments which are subject to large uncertainties.
At the form factor level, therefore, uncertainties on rprms are
basically irrelevant while uncertainties in rnrms have a substan-
tial effect. Consequently, we adopt the following procedure.
We verified that adopting different form factor parameteriza-
tions for the proton and neutron distributions leads to a small
effect on our results, so we assume the same form factor for
both. For protons, in each of Eqs. (8), (12) and (15), we fix one
parameter and determine the other by fixing rprms to its experi-
mental central value. For neutrons we do the same as that for
protons, but restrict rnrms to values above r
p
rms; this lower limit
is reliable provided N > Z, which is the case for all nuclei we
consider. For nuclei other than argon, we fix the upper limit
using the neutron skin, ∆rnp = rnrms− rprms, of 208Pb, which is
measured by the PREX experiment at Jefferson laboratory to
be ∆rnp(208Pb) = 0.33+0.16−0.18 fm [26, 27]; while PREX-II and
CREX will measure the neutron skins of 208Pb and 48Ca, re-
spectively [27], no measurements of the neutron skin of the
nuclei we are considering are planned. Experiments have fo-
cused on the doubly-magic nuclei, 208Pb and 48Ca, because
for such nuclei theoretical calculations are under relatively
good control. Pairing correlations and deformation become
relevant for nuclei that are not doubly-magic. The situation is
worse for nuclei with unpaired nucleons like 133Cs, 127I and
129Xe, in which case calculations assume that the nuclei are
even-even nuclei (although they are not), and rescale the oc-
cupancy of the valence orbital by a suitable factor with the
hope that bulk properties like the weak radius are not sensi-
tive to this “spherical approximation” [29].
We then require the neutron skin of the heavy nuclei to be
no larger than 0.3 fm given that their values of (N−Z)/(N+
4Argon Germanium Xenon
127I 4.750 36Ar (0.33%) 3.390 70Ge (20.4%) 4.041 72Ge (27.3%) 4.057 124Xe (0.095%) 4.766 126Xe (0.089%) 4.774 128Xe (1.91%) 4.777
133Cs 4.804 38Ar (0.06%) 3.402 73Ge (7.76%) 4.063 74Ge (36.7%) 4.074 129Xe (26.4%) 4.777 130Xe (4.07%) 4.781 131Xe (21.2%) 4.780
— — 40Ar (99.6%) 3.427 76Ge (7.83%) 4.09 — — — 132Xe (26.9%) 4.785 134Xe (10.4%) 4.789 136Xe (8.86%) 4.796
TABLE I. Rms radii (in fm) of the proton density distributions of the stable isotopes of cesium, iodine, argon, germanium and xenon [16]. The
relative abundances of the Ar, Ge and Xe isotopes are provided in parentheses.
Z) are less than for 208Pb. We use
rnrms|max ≡ rprms+0.3 fm for Cs, I, Ge and Xe. (16)
For argon, we allow the neutron skin to lie between 0.1 fm
and 0.2 fm, i.e.,
rnrms|max ≡ rprms+0.1 fm or rprms+0.2 fm for Ar. (17)
Note that these large values of ∆rnp parameterize the envelope
of the form factors from different calculation methods includ-
ing chiral effective field theory, relativistic and nonrelativistic
mean-field models, etc. It is a proxy for the spread in theoret-
ical predictions of the form factor, and is not intended as an
estimate of its value.
For the Helm form factor we fix the surface thickness s to
0.9 fm [15], for the form factor based on the symmeterized
Fermi function we fix the surface diffuseness a to 0.52 fm [30]
and for the Klein-Nystrand form factor we fix the range ak of
the Yukawa potential to 0.7 fm [14]. We checked that our re-
sults are rather insensitive to variations of these values. With
the procedure already outlined, we first investigate the behav-
ior of the uncertainties and their size. Figure 1 shows the re-
sult for the Helm form factor obtained for 133Cs. The left
panel shows that for low q, the uncertainties are small and in-
crease with increasing momentum, reaching their maximum
for q' 65 MeV. This behavior is apparent in the middle panel
which shows the Helm percentage uncertainty,
UH =
∣∣∣F2H(q2)|rnrms=rprms −F2H(q2)|rnrms=rprms+0.3fm∣∣∣×100% ,
(18)
which measures the size of the spread due to the uncertainties
in rnrms; for argon, 0.3 fm is replaced by 0.2 fm in the above
equation. It can be seen that in the case of 133Cs the uncer-
tainty can be as large as 5%, and for 40Ar as large as 4.5%.
To address how this result depends on the choice of form fac-
tor, we calculate the percentage uncertainty for FSF and FKN,
with the aid of Eqs. (12) and (15). The right panel in Fig. 1
shows the relative uncertainty obtained by comparing the un-
certainties from the Helm and the symmeterized Fermi form
factors, calculated according to |USF−UH|/USF×100%; re-
sults using the Klein-Nystrand form factor are similar and are
not displayed. It can be seen that uncertainties are parame-
terization independent for q up to 60 MeV or so. For larger
q, differences are at most of order 2.5%, with the Helm form
factor yielding slightly larger values. In summary, the con-
clusions derived from Fig. 1 hold no matter the form factor
choice. Henceforth, to calculate the impact of the form factor
uncertainties on CEνNS, we employ the Helm form factor.
IV. IMPLICATIONS FOR COHERENT, DSNB AND
SUB-GEV ATMOSPHERIC NEUTRINOS
We now turn to the study of the impact of the form factor
uncertainties on SM predictions for CEνNS. We begin with
COHERENT in each of its phases. For phase-I we calculate
the expected number of events taking into account the con-
tributions from both 133Cs and 127I. For phase-II (germanium
phase) and phase-III (LXe phase) we calculate the number of
events assuming the specifications given in [19] with the num-
ber of protons on target (nPOT) per year as in the CsI case;
event numbers for a different value n′POT can be straightfor-
wardly rederived by scaling our result by n′POT/nPOT. Since
germanium and xenon have several sufficiently abundant iso-
topes (see Table I), we calculate the recoil spectrum generated
by each of the nuclides. The ith isotope recoil spectrum can be
written as
dRi
dEr
=
mdetNA
〈m〉 Xi
∫ Emaxν
Eminν
φ(Eν)
dσi
dEr
dEν , (19)
where mdet refers to the detector mass, Xi to its relative abun-
dance, 〈m〉 to the average molar mass calculated as ∑k mkXk
(mk being the molar mass of the individual isotopes), NA =
6.022× 1023 mol−1 and φ(Eν) the neutrino flux. Note that
the global factor (mdetNA/〈m〉)Xi corresponds to the num-
ber of nuclei of the ith type in the detector. The differential
cross section is given by Eq. (1) with mN → mi, N → Ni and
q2→ q2i = 2miEr. For each isotope contribution rprms is fixed
according to the values in Table I and rnrms as described in the
previous section. Calculating the individual recoil spectra ac-
cording to Eq. (19) and then summing over all of them (to
determine the total recoil spectrum), allows to properly trace
the uncertainties induced by each neutron form factor.
For the COHERENT phase-I analysis we use mdet =
14.6 kg and adapt Eq. (19) to take into account the contri-
butions of 133Cs and 127I. This is done by trading Xi for the
nuclear fractions fi = Ai/(ACs + AI) (Ai refer to the 133Cs
and 127I mass numbers) in (19) and 〈m〉 for mCsI = 259×
10−3 kg/mol (CsI molar mass). The acceptance function
is [17]
A(nPE) =
k1
1+ e−k2(nPE−x0)
θ(nPE−5) , (20)
where k1 = 0.6655, k2 = 0.4942, x0 = 10.8507, and nPE is the
observed number of photoelectrons.1 Neutrino fluxes in CO-
1 For the CsI COHERENT analysis we use the relation nPE = 1.17(Er/keV).
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FIG. 1. Left: Square of the Helm form factor as a function of the momentum transfer q. The upper (lower) curve is obtained by fixing
√
〈r2〉H
to rprms (r
p
rms + 0.3 fm) as given in Table I for 133Cs. Middle: Percentage uncertainty for 133Cs, 129Xe, 74Ge and 40Ar (for 40Ar, we take
rnrms|max = rprms +0.2 fm). It can be seen that uncertainties get larger as q increases to 65 MeV. Right: Relative difference between the Helm
and symmeterized Fermi form factors uncertainties for 133Cs. Using the Klein-Nystrand form factor yields results of the same order and so
are not displayed. The main point is that the size of the uncertainties do not depend on the form factor chosen.
HERENT are produced by pi+ and µ+ decays, and so three
neutrino flavors are produced (νµ, ν¯µ and νe) with known en-
ergy spectra:
Fνµ(Eνµ) =
2mpi
m2pi−m2µ
δ
(
1− 2Eνµmpi
m2pi−m2µ
)
,
Fνe(Eνe) =
192
mµ
(
Eνe
mµ
)2(1
2
− Eνe
mµ
)
,
Fν¯µ(Eν¯µ) =
64
mµ
(
Eν¯µ
mµ
)2(3
4
− Eν¯µ
mµ
)
, (21)
where the neutrino energies are less than mµ/2.
The neutrino flux per flavor φa(Eν) at the detector is ob-
tained by weighting the energy spectra by the normalization
factor N = r× nPOT/4piL2. Here r = 0.08 determines the
number of neutrinos produced per proton collision (per fla-
vor), L= 19.3 m is the distance from the source to the detector,
and nPOT = 1.76×1023 is the number of protons on target in
the 308.1 days of neutrino production [1], which corresponds
to 2.1× 1023 protons/year. In terms of nPE we calculate the
SM expectation for the number of events per bin (2 photo-
electrons) taking into account the neutron form factor uncer-
tainties. The result is displayed in Fig. 2. Uncertainties in the
neutron form factor produce an uncertainty in the expected
For the germanium, xenon and argon detectors we use Heaviside step func-
tions with 2 keV, 5 keV and 20 keV thresholds, respectively, and display
the results as a function of recoil energy.
number of events, with a behavior such that small values of
rnrms tend to increase the number of events, while large values
tend to decrease them. This is in agreement with the result in
the left panel in Fig. 1. One can see as well that for low nPE
(recoil energy), no sizable uncertainties are observed. How-
ever, for nPE = 7 (Er = 5.98 keV) uncertainties are of order
4% and increase to about 9% for nPE = 15. We also calculate
the number of events by fixing the rms radii of the 133Cs and
127I neutron density distributions to
rnrms(
133Cs) = 5.01 fm , rnrms(
127I) = 4.94 fm . (22)
These values follow from theoretical calculations using the
relativistic mean field (RMF) NLZ2 nuclear model [28]. The
result obtained can then be regarded as purely theoretical.
Comparing the black-dotted histogram in Fig. 2 with those
determined by the form factor uncertainties we see that the
theoretical expectation is closer to the result for rprms. We have
checked that because of the large experimental uncertainties,
using different values of rnrms has almost no effect on the qual-
ity of the fit.
COHERENT phase-II consists of a p-type point-contact
high purity germanium detector with mdet = 15 kg and located
at L = 22 m from the source. COHERENT phase-III, instead,
aims at measuring CEνNS by using a two-phase liquid xenon
detector with mdet = 100 kg and located at L = 29 m. A one
ton LAr detector at L = 29 m is also under consideration. At
low recoil energies the number of CEνNS events in the Xe de-
tector will exceed those in the Ge detector by about an order
of magnitude. However, since Ge isotopes are lighter than Xe
isotopes, the Ge detector will be sensitive to CEνNS events
at higher recoil energies and so they are complementary [19].
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FIG. 2. The expected CEνNS residual event spectrum in COHERENT as a function of the number of photoelectrons as predicted in the
SM. The points correspond to COHERENT data (with their error bars) [1], while the shaded region between the two histograms defines the
uncertainty in the spectrum due to the form factor uncertainties. The black-dotted histogram is obtained by fixing the rms radii of the 133Cs
and 127I neutron density distributions to values obtained from theoretical calculations; see Eq. (22). For the dashed histogram, rnrms = r
p
rms,
with the values of rprms from Table I. The Helm form factor has been used but a different form factor does not noticeably alter the spectra.
Using these target masses, the corresponding locations and as-
suming nPOT/year as in the CsI calculation, we calculate the
impact of the uncertainties on the expected number of events
in both detectors. As can be seen from Fig. 3 in the germa-
nium case relative uncertainties can be sizable, and for Xe,
relative uncertainties are still larger. It is clear that form factor
uncertainties should be taken into account in the analysis of
COHERENT data.
Since form factor uncertainties increase with increasing
momentum transfer, they are also relevant for CEνNS induced
by the DSNB and sub-GeV atmospheric neutrinos. DSNB
neutrinos (neutrinos and antineutrinos of all flavors) result
from the cumulative emission from all past core-collapse su-
pernovae. Their flux is thus determined by the rate for core-
collapse supernova (determined in turn by the cosmic star
formation history), and the neutrino emission per supernova,
properly redshifted over cosmic time [31] (see Appendix A for
details). The latter is well described by a Fermi-Dirac distri-
bution with zero chemical potential and with Tνe < Tν¯e < Tνx
[32]. For the calculation of the DSNB neutrino flux we use
Tνe = 3 MeV, Tν¯e = 5 MeV and Tνx = 8 MeV, and sum over
all flavors.
Atmospheric neutrino fluxes (νe and νµ and their antipar-
ticles) result from hadronic showers induced by cosmic rays
in the Earth’s atmosphere. We take the atmospheric fluxes
from Ref. [33] generated by a FLUKA Monte Carlo sim-
ulation [34], that includes νe,τ and ν¯e,τ fluxes up to about
103 MeV. We only consider atmospheric neutrino fluxes be-
low 100 MeV because for higher energies the loss of coher-
ence for CEνNS drastically depletes the neutrino event rate
making the flux at those energies less relevant.
Figure 4 shows the event spectrum for the sum of the DSNB
and atmospheric neutrino contributions in an argon detector
with an exposure of 1000 ton-year. The dashed (solid) his-
togram is obtained by fixing rnrms = r
p
rms (rnrms = r
p
rms+0.2 fm).
In the calculation we include only 40Ar and checked that form
factor uncertainties for the “high energy” tail of the solar neu-
trino spectrum (8B and hep neutrinos) are not relevant, as ex-
pected from the middle panel in Fig. 1. The DSNB flux domi-
nates in the window ∼ 18−32 MeV, just above the kinematic
tail of hep neutrino spectrum. Since the DSNB flux dominates
only in that narrow window its contribution to the total event
rate spectrum is subdominant, but sizable enough to contribute
to the event rate spectrum. The relative uncertainty in the low-
est energy bin is 5% and gets larger for larger recoil energies.
V. IMPLICATIONS FOR NEW PHYSICS SEARCHES
We now discuss the effects of the neutron form factor un-
certainties on the predictions for new physics. To do so,
we consider three new physics scenarios that have been dis-
cussed in the literature in connection with COHERENT data:
NSI [7, 8], sterile neutrinos [8] and NGI [10].
A. Theoretical basics
NSI is a parameterization of a new physics neutral cur-
rent interaction mediated by a vector boson of mass mV [35].
Dropping the axial coupling, which yields nuclear spin-
suppressed effects, and in the limit mV  qCEvNS,
LNSI =
GF√
2 ∑q=u,d
[νi γµ (1− γ5)ν j]
[
qγµεqi j q
]
. (23)
Written this way, the NSI parameters measure the strength of
the new interaction compared to the weak interaction, εqi j '
g2qi j/m
2
V/GF , where gqi j are gauge couplings. In the presence
of NSI, the differential cross section becomes lepton-flavor
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FIG. 3. Expected number of CEνNS events (left) and its relative uncertainty, equal to (maximum count number − minimum count
number)/(maximum count number)×100, (right) as a function of recoil energy for argon, germanium and xenon. The calculations have been
done for the COHERENT Ge, LAr and LXe detectors including form factor uncertainties, summing the three neutrino flavor contributions and
taking nPOT as in the CsI case.
dependent. For the ith neutrino flavor it can be derived from
Eq. (1) by trading gnV → gnV +εni j and gpV → gpV +εpi j, with εni j =
εui j +2εdi j and ε
p
i j = 2ε
u
i j + εdi j [4, 5].
Oscillations with an eV mass sterile neutrino have an effect
on the CEνNS event rate. If the flux of να neutrinos (α =
e,µ,τ) at the source is Φνα(Eν), the flux at the detector will be
diminished by the fraction of neutrinos that oscillate into the
sterile and the other active states. Quantitatively this means
that the flux of neutrinos of flavor α that reach the detector is
PααΦνα(Eν), where Pαα is the να survival probability defined
as Pαα= 1−Pαs−Pαβ (α 6= β), with Pαs and Pαβ the να→ νs
and να → νβ neutrino oscillation probabilities, respectively.
For short-baseline experiments Pαs is given by
Pαs = sin2 2θαα sin2
[
1.27
(
∆m241
eV2
)(
L
m
)(
MeV
Eν
)]
.
(24)
Here, sin2 2θαα = 4|Uα4|2(1− |Uα4|2) (U is the 4× 4 lepton
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FIG. 4. Recoil spectrum (left) and its relative uncertainty (right) from DSNB and atmospheric neutrinos at an Ar-based dark matter detector
assuming an exposure of 1000 ton-year, as expected for Argo. The dashed (solid) histrograms correspond to rnrms = r
p
rms (rnrms = r
p
rms+0.2 fm).
The DSNB contribution is subdominant but not negligible.
mixing matrix) and ∆m241 = m
2
4−m21 is the sterile-active neu-
trino mass-squared difference. The oscillation probability for
active states is
Pαβ = sin4 θαβ sin2
[
1.27
(
∆m241
eV2
)(
L
m
)(
MeV
Eν
)]
, (25)
where sin4 θαβ = 4|Uα4|2|Uβ4|2. The recoil spectrum induced
by neutrinos of flavor α is then given by
dRνα
dEr
= NT∑
β
∫
dEν
[
(1−Pαs−Pαβ)Φνα +PαβΦνβ
] dσ
dEr
.
(26)
To a fairly good approximation Pαβ can be neglected due to
the higher-order active-sterile mixing suppression. NT is the
number of target nuclei and dσ/dEr is the SM cross section in
Eq. (1). The total number of counts in the kth bin is obtained
from Eq. (26) according to
R =∑
α
Rνα =∑
α
∫ Ek+∆Ek
Ek−∆Ek
A(Er)
dRνα
dEr
dEr . (27)
Experimental information on R can then be mapped into
sin2 θi j−∆m241 planes.
NGI follows the same approach as NSI, but includes all
possible Lorentz-invariant structures [36]. It was introduced
in the analysis of neutrino propagation in matter in Ref. [37],
studied in the context of CEνNS physics in Ref. [38] and in
the light of COHERENT data in Ref. [10]. Dropping flavor
indices, the most general Lagrangian reads
LNGI =
GF√
2 ∑a=S,P,V,A,T
q=u,d
[νΓa ν] [qΓa (Cqa + iγ5 D
q
a)q] , (28)
where Γa = {I, iγ5,γµ,γµγ5,σµν}, with σµν = i[γµ,γν]/2. As in
the NSI case, some of these couplings lead to spin-suppressed
interactions which we do not consider. Relevant couplings
therefore include all Lorentz structures for the neutrino bi-
linear and only scalar, vector and tensor structures for the
quark currents. For the NGI analysis, we consider only one
Lorentz structure at a time and assume the C and D parame-
ters to be real. We may therefore consider the individual cross
sections. Assuming a spin-1/2 nuclear ground state and ne-
glecting O(E2r /E2ν) terms,
dσS
dEr
=
G2F mN
8pi
ξ2S(q
2)
ErmN
E2ν
,
dσV
dEr
=
G2F mN
8pi
ξ2V (q
2)
(
2− ErmN
E2ν
− 2Er
Eν
)
,
dσT
dEr
=
G2F mN
2pi
ξ2T (q
2)
(
2− ErmN
2E2ν
− 2Er
Eν
)
. (29)
For the scalar and tensor cases the SM cross section has to
be added. In the vector case ξ2V includes the SM contribution
which interferes with the BSM vector piece. The definition
of the different parameters in Eq. (29) can be found in Ap-
pendix B.
B. Impact of neutron form factor uncertainties
We calculate the impact of uncertainties in the neutron rms
radii for CsI, Ge and Xe in the presence of NSI. To do so, we
take as “experimental” input the number of events predicted
by the SM assuming rnrms = 〈rp〉 = ∑i rpirmsXi = 4.06 fm for
all germanium isotopes and 4.79 fm for all xenon isotopes.
Here rpirms is the rms radius of the proton distribution of the
ith isotope with abundance Xi. We proceed as we have done
in Section IV, i.e., for CsI we take into account the Cs and I
contributions, while for Ge and Xe the contributions for each
isotope according to Eq. (19). For all three cases we assume
four years of data taking. For our analysis we define the χ2
function,
χ2 =∑
i
(
Nmeasi − (1+α)NBSMi (P )
σi
)2
+
(
α
σα
)2
, (30)
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FIG. 5. Left: 90% C.L. allowed regions in the NSI case and for two choices of the rms neutron radius. The diagonal bands are obtained
assuming rnrms = 〈rp〉= 4.79 fm for all xenon isotopes. The purple regions are obtained for rnrms = 5.09 fm (for all isotopes). Right: Number
of events as a function of recoil energy for εuµµ ⊂ [−0.088,0.37] [6] and all other couplings equal to zero (purple histograms). The orange
histograms correspond to the SM prediction including form factor uncertainties.
where α is a nuisance parameter that accounts for uncertain-
ties in the signal rate, Nmeasi is the number of simulated events
in the ith bin, and NBSMi is the number of predicted events
in the BSM scenario (which depend on the set of parame-
ters P ). The statistical uncertainty in the simulated data is
σi =
√
Nmeasi +Bi, where Bi includes the beam-on and twice
the steady-state neutron background. Beam-on neutrons are
neutrons from the spallation source that penetrate the 19.3 m
of moderating material, and steady-state neutrons are pro-
duced by cosmic rays interacting with the shielding material
and by radioactivity. We select a 5 keV analysis threshold for
the Ge and LXe detectors so that the neutron background can
be assumed to be flat. It is anticipated that the shielding struc-
tures for these detectors will reduce the background rate well
below the SM CEνNS expectation [39]. With that in mind, we
set ∑i Bi equal to 50% of the SM signal between 5− 30 keV
for the Ge and LXe detectors; this implies that the total steady-
state background between 5− 30 keV is approximately 25%
of the SM signal. In the future, the quenching factor uncer-
tainty is expected to be reduced to 12.5% [40]. Keeping the
neutrino flux and signal acceptance uncertainties unchanged
from their current values, i.e., 10% and 5%, respectively, we
have the systematic uncertainty σα = 0.168. Our simplifica-
tion that the systematic uncertainty is correlated between bins
is unavoidable given publicly available information.
Assuming εqµµ ⊂ [−1,1] we determine the 90% C.L. exclu-
sion regions in two cases, rnrms = 〈rp〉 and rnrms = 〈rp〉+0.3 fm.
We find that the CsI and Ge detectors are rather insensitive to
the choice of the neutron rms radius; the resulting 90% C.L.
regions barely change with rnrms. For Xe, the result is quite
different. Changing rnrms has a strong impact on the available
parameter space. This can be seen from the left panel of Fig. 5,
where the diagonal bands are obtained in the case rnrms = 〈rp〉,
while the purple regions are obtained for rnrms = 5.09 fm. This
result is as expected. Firstly, the LXe detector has a larger tar-
get mass (about a factor 6.5 larger compared to the CsI and Ge
detectors), so for a common data taking time the accumulated
statistics in the LXe detector is larger. Secondly, the number
of events expected in the NSI scenario with rnrms = 〈rp〉 re-
produces the simulated data better than with rnrms = 5.09 fm
since the data are simulated with rnrms = 〈rp〉. For the rest of
our NSI study we only consider a large LXe detector. Note,
however, that increasing the exposure for the CsI or Ge de-
tectors will change the situation. In doing so these detectors
will become—as the LXe detector—sensitive to uncertainties
in the neutron rms radii. On the other hand, the corresponding
results for a large LAr detector are not qualitatively affected
by form factor uncertainties.
To determine the extent to which neutrino NSI can be dis-
tinguished from the SM signal including its neutron form fac-
tor uncertainties, we calculate the number of events assuming
εdµµ = 0 and εuµµ ⊂ [−0.088,0.37]. These values correspond
to the 90% C.L. range obtained from global fits to neutrino
oscillation data including COHERENT (CsI phase) data with-
out accounting for energy-dependent form factor uncertain-
ties [6]. The result is shown in the right panel of Fig. 5. The
NSI (purple) histograms are obtained by fixing rnrms = 〈rp〉.
The SM histograms (orange) are instead obtained by fix-
ing rnrms = 〈rp〉 (upper boundary) and rnrms = 5.09 fm (lower
boundary) and determines the SM expectation within the form
factor uncertainties. Clearly, the SM expectation with form
factor uncertainties lies within the NSI expectation for εuµµ be-
tween −0.08 and 0.2 with a fixed form factor. There are var-
ious ranges of NSI couplings that will produce signals that
cannot be disentangled from the SM signal. This will persist
unless uncertainties on the neutron rms radii are reduced. We
have chosen εuµµ to stress this point, although results for εdµµ,
εqee, εqττ and ε
q
eτ, will lead to the same conclusion. Needless
to say, allowing for multiple nonzero NSI parameters will fur-
ther complicate the ability to discriminate new physics from
the SM.
For sterile neutrinos we display the 90% C.L. exclusion re-
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FIG. 6. Left: 90% C.L. exclusion regions in the case of sterile neutrinos in the 3+1 scheme obtainable from a one ton LAr COHERENT
detector with four years of data taking. The neutron rms radius is 〈rp〉 for the orange contour and 3.5 fm for the purple contour. Right: The
orange histograms show the SM expectation for the event spectrum including neutron form factor uncertainties, while the purple histograms
are the spectra expected by fixing rnrms = 〈rp〉= 3.4 fm, ∆m241 = 1.3 eV2, sin2 θ14 = 0.01, θ34 = 0, with sin2 2θ24 = 0 and 1.
gions in the sin2 2θ24−∆m241 plane. We highlight the exquisite
sensitivity required to probe 3+ 1 oscillations by assessing
the capability of a future one-ton LAr COHERENT detector
which has the advantage of smaller form factor uncertainties.
The results for four years of data taking are shown in the left
panel of Fig. 6. The analysis is similar to that for the LXe
detector except that here we set ∑i Bi equal to 50% of the SM
signal between 20− 100 keV. The contours are obtained for
NBSM calculated for rnrms = 〈rp〉 = 3.4 fm (orange contour)
and rnrms = 3.5 fm (purple contour). We fix sin
2 θ14 = 0.01
(best-fit value from a global fit to νe and ν¯e disappearance
data [41]) and θ34 = 0. This result demonstrates that the avail-
able regions in parameter space have a strong dependence on
the neutron rms radii. A ∼ 3% change in rnrms is sufficient to
significantly modify the results of the parameter fit.
It is clear that a more precise treatment of sterile neutrino
effects should include neutron form factor uncertainties, oth-
erwise one might end up misidentifying SM uncertainties with
these effects. To show this might be the case, we calculate the
number of events for sterile neutrino parameters fixed as in
the previous calculation and for ∆m241 = 1.3 eV
2, rnrms = 〈rp〉,
θ24 = 0 and sin2 2θ24 = 1. We then compare the resulting (pur-
ple) histograms with the SM predictions including uncertain-
ties (in orange); see the right panel of Fig. 6. The overlapping
spectra show that an identification of the new effects is not
readily possible.
Finally, we turn to the discussion of the impact of the un-
certainties on the sensitivity to neutrino NGI. The results are
shown in Fig. 7. We have proceeded in the same way as
that for the NSI analysis, fixing rnrms = 〈rp〉 to generate the
simulated data, and analyzing the results for two cases with
rnrms = 〈rp〉 and rnrms = 5.09 fm. For scalar interactions we
assume DqP = 0, while for vector interactions, D
q
A = 0. Re-
sults in the case rnrms = 〈rp〉 are quite similar to those found
in Ref. [10] and largely depart from them for rnrms = 5.09 fm
for reasons similar to that for NSI. Scalar interactions are not
sensitive to form factor uncertainties because fitting COHER-
ENT data with scalar interactions leads to a rather poor fit,
almost independently of rnrms. N
meas has been simulated as-
suming rnrms = 〈rp〉 and so in the presence of NGI a better fit
is found for the first sample. With rnrms = 5.09 fm there is lit-
tle room for new interactions since the mismatch between the
neutron rms radii induces substantial departure from the sim-
ulated data. Depending on the value of rnrms large portions of
parameter space are allowed or disfavored.
VI. CONCLUSIONS
We have quantified the uncertainties on the SM CEνNS
cross section. They are driven by the neutron form factor
through its dependence on the rms radius of the neutron den-
sity distribution, rnrms. To quantify these uncertainties we as-
sumed that rnrms ranges between the rms radius of the pro-
ton charge distribution rprms of the corresponding nucleus and
rprms + 0.3 fm (for heavy nuclei), so that the neutron skin
is thinner than that for 208Pb (which has been measured by
PREX). For nuclei with N ∼ Z, we considered rnrms between
rprms and r
p
rms+0.1 fm or r
p
rms+0.2 fm. Under this assumption
we evaluated the size of the uncertainties for 133Cs, 127I, ger-
manium, xenon and argon—choices motivated by COHER-
ENT phases I-III and Argo—using three form factor param-
eterizations: Helm, Fourier transform of the symmeterized
Fermi function and Klein-Nystrand.
We showed that form factor uncertainties: (i) are relevant
for q& 20MeV, and so are negligible if the CEνNS process is
induced by either reactor or solar neutrinos, (ii) have percent-
age uncertainties that have a strong dependence on the recoil
energy (iii) are basically independent of the parameterization
used.
We studied the impact of the uncertainties on the SM pre-
diction for COHERENT, diffuse supernova neutrino back-
ground, and sub-GeV atmospheric neutrinos. For COHER-
ENT, assuming nPOT/year as in Ref. [1], we found that the SM
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prediction is subject to relative uncertainties that are never be-
low 1.5% in germanium, 2% is argon and 6% in xenon. For
the combination of DSNB and atmospheric neutrinos we find
that the relative uncertainties are at least 5%. These results
demonstrate that in the absence of precise measurements of
rnrms, SM predictions of the CEνNS rate involve uncertainties
that challenge the interpretation of data. This is especially true
for future measurements with small experimental systematic
uncertainties.
We also quantified the impact of the neutron form factor
uncertainties on the sensitivity to new physics. We consid-
ered three scenarios: neutrino NSI, sterile neutrinos in the
3+1 scheme, and NGI. We showed that the variation of rnrms
has a substantial effect on these new physics searches with the
exception of scalar NGI for which we did not find any sensi-
tivity.
Finally, it is worth pointing out that the uncertainties we
have derived here also apply to DM direct detection searches,
provided the WIMP-nucleus interactions are spin indepen-
dent. In WIMP scenarios with vector, scalar and tensor medi-
ators, the direct detection rate will involve uncertainties com-
parable to those we have derived.
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Appendix A: Diffuse supernova neutrino background fluxes
For the calculation of the DSNB neutrino flux we closely
follow Ref. [32]. Here we present the details of such a cal-
culation. The predicted DSNB flux is obtained by integrat-
ing the rate of core-collapse supernova, RSN(z), multiplied by
the neutrino emission per supernova, dN(E ′ν)/dE ′ν, redshifted
over cosmic time:
dΦ(Eν)
dEν
=
4pic
H0
∫ zmax
0
RSN(z)
dNνi(E
′
ν)
dE ′ν
dz√
Ωm(1+ z)3+ΩΛ
.
(A1)
Here the redshifted neutrino energy is given by E ′ν = (1+
z)Eν, and zmax is determined by gravitational collapse, as-
sumed to start at z = 5 [31]. The cosmological parame-
ters have been fixed to: Ωm = 0.3, ΩΛ = 0.7 and H0 =
70kms−1 Mpc−1. The rate for core-collapse supernova in
units of Mpc−3year−1 is determined by the star formation rate
ρ˙∗(z) and the initial mass function Ψ(M) as
RSN(z) = ρ˙∗(z)
∫ 150M
8M Ψ(M)dM∫ 100M
0.1M MΨ(M)dM
. (A2)
The integral in the numerator gives the number of stars that
produce core collapse supernova, while the integral in the de-
nominator gives the total mass in stars. The initial mass func-
tion Ψ(M) = dN/dM determines the number of stars with
masses in the range M and M+dM and reads Ψ(M) = M−ξ,
with the value of ξ defining a particular initial mass function
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and therefore the value of the integrals in (A2). For our calcu-
lation we have used a Baldry-Glazebrook initial mass function
[42] for which the integral has a value of 0.0132/M. The star
formation rate is given by the fitted function
ρ˙∗(z) = ρ˙0
[
(1+ z)αη+
(
1+ z
B
)βη
+
(
1+ z
C
)γη]1/η
,
(A3)
where η= 10 and the constants B and C are
B = (1+ z1)1−α/β , C = (1+ z1)(β−α)/γ(1+ z2)1−β/γ .
(A4)
We fix α = 3.4, β = −0.3, γ = −3.5, z1 = 1, z2 = 4 and
ρ˙0 = 0.0178Myear−1Mpc−3, which correspond to the fidu-
cial analytic fit given in Ref. [32].
In core-collapse supernova, neutrinos of all flavors are emit-
ted and each flavor carries about the same fraction of the
total energy, Eν ' 3× 1053 erg. Their spectra are approx-
imately thermal with temperatures obeying Tν¯e < Tνe < Tνx
(νx = νµ,ντ, ν¯µ, ν¯τ). We have taken a Fermi-Dirac distribution
with zero chemical potential for all flavors,
dNνi(E
′
ν)
dEν
=
E totν
6
120
7pi4
E
′2
νi
Tνi
1
eE
′
νi/Tνi +1
, (A5)
and temperatures according to: Tν¯e = 3 MeV, Tνe = 5 MeV
and Tνx = 8 MeV.
Appendix B: NGI cross section parameters
The parameters in Eq. (29) are closely related to those in
Ref. [10], but involve a q2 dependence related to the proton
and neutron form factors. For the ξX (X = S,V,T ) couplings
we have
ξ2S(q
2) =C2S(q
2)+D2P(q
2) , ξ2T (q
2) = 2C2T (q
2) ,
ξ2V (q
2) =
[
C2V (q
2)+2gV (q2)
]2
+D2A(q
2) , (B1)
with gV = gnV Fn(q
2) + gpV Fp(q
2). In the scalar case, the pa-
rameters that define ξS read
CS(q2) = ∑
q=u,d
C(q)s
[
N
mn
mq
f nTqFn(q
2)+Z
mp
mq
f pTqFp(q
2)
]
,
(B2)
and the same definition applies for DP(q2) by trading C
(q)
S →
D(q)P . The parameters fTq are derived in chiral perturbation
theory from measurements of the pi-nucleon sigma term [43].
For our calculations we use the values
f pTu = 0.019 , f
p
Td
= 0.041 ,
f nTu = 0.023 , f
n
Td = 0.034 . (B3)
For the vector coupling ξV we have
CV (q2) = N(CuV +2C
d
V )Fn(q
2)+Z(2CuV +C
d
V )Fp(q
2) . (B4)
The expression for DA(q2) can be obtained from (B4) by trad-
ing CqV → DqA with q = u, d. Finally, in the tensor case,
CT (q2) = N(δnuC
u
T +δ
n
dC
d
T )Fn(q
2)+Z(δpuC
u
T +δ
p
dC
d
T )Fp(q
2) .
(B5)
For δnq and δ
p
q we use values obtained from azimuthal
asymmetries in semi-inclusive deep-inelastic scattering and
e+e−→ h1h2X [44]; more up-to-date values can be found in
[45–47]. For our calculation we use
δpu = 0.54 , δ
p
d =−0.23 ,
δnu =−0.23 , δnd = 0.54 . (B6)
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